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Targeted Gene Editing in Pome Fruit
Genetics and Breeding: State-of-the-Art,
Application Potential and Perspectives

Hanne Claessen, Pollien Aert, and Nico De Storme

Abstract Even though traditional breeding of perennial fruit trees such as apple
and pear has resulted in high performing cultivars in the past, it is a very lengthy and
costly process that is unable to keep up with the increasing demands for improved
yield, resistance and fruit quality posed by the growing world population and the
rapidly changing climate. In the last decade, significant research advances have
been made that can revolutionize pome fruit breeding to meet current needs, includ-
ing the sequencing of apple and pear genomes, the increased understanding of asso-
ciations between gene(s) and traits of interest, and the advancement in genetic
engineering tools. In particular the emergence of genome-editing tools such as the
CRISPR/Cas9 technology can significantly improve the speed and accuracy of
pome fruit breeding programs. This chapter reviews the progress, opportunities and
challenges of genome editing tools in apple and pear, and discusses the genetic basis
of several important breeding goals to find possible targets for new gene-editing
applications.

1 Introduction

The term “pome” refers to an accessory fruit produced by temperate tree species
belonging to the maleae tribe of the Rosaceae family. The best-known and economi-
cally most important pome fruits are apple and pear. In 2020, apples were among
the five most produced fruit crops worldwide together with watermelons, bananas,
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oranges and grapes with 88.3 million metric tons [1]. Both apples and pears are
commercially grown in over 50 countries with China being the top producer for
both fruit crops [2]. Due to their economic importance and the wide geographic
distribution of their production, ongoing breeding programs are present all over the
world aiming to improve various traits including higher yield, increased disease
resistance, and improved fruit quality [3-5].

Pome fruit breeding is an expensive and lengthy process due to biological char-
acteristics typical of woody tree species, namely a long juvenile period (5-7 years),
self-incompatibility, high heterozygosity, a limited available gene pool for new
traits, and a large genome size and chromosome number [6, 7]. In a classical breed-
ing scheme, selected parents are intercrossed to create hybrid seedling populations,
consisting of a pool of unique genotypes, followed by a strict selection of the best
performing progeny clone. Due to the limited genetic variation present in advanced
breeding material and established cultivars, it is often necessary to use wild or semi-
wild gene pools as sources for the introduction of new traits. Pre-breeding to obtain
suitable parents from these (semi-)wild gene pools that can be crossed with elite
germplasm takes decades due to the long life cycle and the need for repeated cycles.
More specifically, the introgression of desired alleles originating from donor variet-
ies with a minimum of linkage drag and concomitant selection for various other
traits, requires multiple generations of hybridizations followed by selection, and
thus significantly adds to the breeding time [7]. Alternatively, non-GMO breeding
techniques that are used include interspecific hybridization, induced mutagenesis
and polyploidization. Also, a wide range of genetic and molecular tools have been
used to improve the efficiency and selection accuracy of pome fruit breeding pro-
grams such as genetic linkage maps, molecular markers and whole genome sequenc-
ing [8—11]. Each of these techniques have their own advantages and drawbacks, but
many of the limitations remain similar to traditional breeding.

Recently, the introduction of genome editing techniques such as CRISPR/CAS
has provided efficient ways to introduce precise mutations in plants. These tech-
niques are especially beneficial in clonally propagated fruit tree species since they
can generate improved breeding outcomes compared to conventional techniques
without the extensive backcrossing and associated linkage drag that is necessary
when introgressing new traits in established cultivars [12]. These genome editing
techniques have the potential to greatly accelerate and improve the breeding process
of woody fruit tree species, even though important challenges and limitations still
need to be overcome to allow their broad scale application.

This chapter reviews the recent progress in the application of genome editing
techniques in apple and pear, as well as the specific opportunities and challenges.
We also outline and discuss important genes underlying economically interesting
traits which could be used as valuable targets for gene-editing.



19 Targeted Gene Editing in Pome Fruit Genetics and Breeding: State-of-the-Art... 311
2 Genome Editing Technologies in Pome Fruit Trees

Genome editing refers to the use of genetic transformation techniques that can be
used to precisely edit the plant genome [13]. There are three main genome editing
approaches that are all based on the use of engineered nucleases, namely zinc finger
nucleases (ZFNs), transcription activator-like effector-based nucleases (TALEN)
and clustered regularly interspaced short palindromic repeats associated nucleases
(CRIPSR/cas) [3]. These nucleases can be designed to bind a specific target DNA
sequence in the genome of the plant where they induce a double-strand break (DSB)
which is subsequently repaired by one of the two following processes, homology
directed DNA break repair (HDR) or non-homologous end joining (NHEJ) [14, 15].
Plant transformation is generally performed using Agrobacterium tumefaciens fol-
lowed by regeneration of transgenic tissue in vitro. This paragraph describes the
current use, adaptations and limitations of these three genome editing techniques in
pome fruit breeding.

2.1 Zinc Finger Nucleases (ZFNs)

Zinc finger nucleases were one of the first editing technologies [16]. They are arti-
ficial enzymes generated by fusing a zinc-finger DNA-binding domain to a nonspe-
cific DNA-cleavage domain of the Fok I endonuclease enzyme [13, 17]. A pair of
custom designed ZFNs bind to the DNA at the target location and together form an
active dimer nuclease complex [18]. ZFNs have been successfully used for targeted
mutagenesis in many species including Arabidopsis [19, 20], soybean [21], rice
[22], and populus [23]. To our knowledge, only a single successful instance of ZFN
application in pome fruit has been published [13]. The authors validated the use of
ZFNs in apple and fig using a visual transgenic repair assay based on activation of
a mutated uidA gene, which encodes the GUS reporter protein. The overall effi-
ciency in apple was around 10% and the authors concluded that the genome editing
approach was suitable for application in fruit tree species. However, although the
technique has been around for almost three decades, the adoption of ZFNs in plant
breeding is limited mainly due to their low efficiency, the complex construction of
the zinc finger region that interacts with DNA and severe off-target effects [24-27].

2.2 Transcription Activator-Like Effector Nucleases (TALENs)

Another genome editing approach is based on the family of proteins known as tran-
scription activator-like effectors (TALEs) which are produced in bacteria including
plant pathogenic Xanthomonas species. These effector proteins have a DNA bind-
ing domain which is linked with a catalytic domain of an endonuclease like Fok I
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[18, 25]. TALE nucleases (TALENs) with desired specificities can be created
through modification of the DNA binding domain to target specific locations in the
genome. The nucleases there act like molecular scissors that produce DSBs which
are repaired with the cellular repair mechanisms leading to deletions, insertions,
replacements or rearrangements [18, 25].

TALEN-mediated genome editing has been successfully applied in rice [28, 29],
wheat [30], maize [31], and sugarcane [32, 33] among others. However, to our
knowledge, no application of TALEN-based transformation has been applied in
apple or pear or even any other woody fruit tree species such as citrus or prunus.
Although TALENs have some advantages over ZFNs, such as lower toxicity and
somewhat simplified construction, the CRISPR/Cas approach has quickly surpassed
both ZFNs and TALENs as method of choice in plant genome editing [26, 27].

2.3 CRISPR/Cas Systems

Currently, clustered regularly interspaced short palindromic repeats (CRISPR)-
based genome editing has become the most reliable and cost-effective approach in
plant research. Unlike ZFN and TALEN, the DNA-recognition, based on RNA-
DNA interactions, is faster, cheaper and generally more efficient [17, 34]. In plants,
CRISPR/Cas 9 is the most used system and consists of a Cas 9 nuclease and a single
guide RNA which replaces the original CRISPR RNA (crRNA) and trans-activating
CRISPR RNA (tracr RNA). The gRNA contains a unique sequence of 20 bp which
preceeds a protospacer adjacent motif (PAM). This gRNA binds the Cas 9 nuclease
and directs it to a complementary target sequence on the genomic DNA. The two
nuclease domains of the Cas 9 protein (RuvC and HNH) will then cleave the target
sequence at three nucleotides upstream of the PAM site, leaving predominantly blunt
ends [26, 35].

The CRISPR/Cas9 method has been widely adopted in plant research and has
been used in many crops including pome fruit species. It was first used in apple to
modify an apple phytoene desaturase (PDS) gene which encodes an essential plant
carotenoid biosynthetic enzyme required for chlorophyll biosynthesis. Knock-out
of this gene leads to an albino phenotype making it an easy visual marker [34, 36].
CRISPR/Cas9 was also used to reduce susceptibility to fire blight in apple [37], and
induce early flowering in apple and pear [38]. It has also been applied in wild apple
to target the MsPDS gene [39]. To date, nearly all applications in pome fruit use the
CRISPR/Cas9 system, however alternative CRISPR systems can be applied as well
[40]. One example is the CRISPR/Cas12 system, previously known as Cpfl, which
also belongs to the class 2 CRISPR systems, but lacks the HNH domain and gener-
ates a staggered cut with a 5 nt 5" overhang [41]. CRISPR/Cas12 has been success-
fully applied in other woody, perennial tree species such as poplar [42] and citrus
[43]. Alternative CRISPR/Cas systems may be more suitable in specific situations,
for example the CRISPR/Cas12 can be used to target T-rich regions of the genome
which is difficult with CRISPR/Cas9 [44].
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Base-editors are another type of genome-editing tools. They are derived from the
CRISPR/Cas9 approach and allow precise nucleotide substitutions without double
stranded breaks [45]. In plants, DSBs are generally repaired using the NHEJ mecha-
nism which creates small insertions or deletions in the target sequence and usually
results in gene knock-out. The alternative HDR mechanism can precisely introduce
point mutations using template DNA, however it is very inefficient, especially in
plants [45]. Base editors don’t use DSBs, but create precise base substitutions of
A-to-G or C-to-T using a nickase Cas9 (nCas) coupled to either an adenine deami-
nase (ABE) or a cytidine deaminase (CBE), respectively [45, 46]. The CBE-nCa9s
fusion converts cytosine to uracil without cutting the DNA and this uracil is later
converted to thymine through DNA replication or repair. Similarly, the ABE-nCa9s
fusion converts adenine to inosine which is later converted to guanine. A uracil
DNA glycosylase inhibitor protein (UGI) can be added to the construct to prevent
uracil excision which lowers the efficiency of the transformation [46]. Malabarba
et al. [45] applied a CBE base editing system including a UGI sequence and the
nCas9-PmCDALI fusion for the first time in apple and pear on two targets, acetolac-
tate synthase (ALS) and phytoene desaturase (PDS). The authors induced a stop-
codon in PDS and an amino-acid substitution in ALS in apple and pear resulting in
chlorsulfuron herbicide resistant, dwarfed, albino plants. The study proved the fea-
sibility of targeting multiple genes with base editing in apple and pear but also
revealed important challenges that still need to be addressed.

2.4 Limitations of Genome Editing

Despite the advantages and many potential applications of these new genome-
editing tools, important challenges still remain. While most studies currently use
CRISPR-based methods for genome editing, many of the limitations listed here also
apply to ZFN and TALEN methods.

A first major drawback of these genome-editing tools, including CRISPR-based
methods, is insufficient target specificity and accuracy. Off-target cleavage can
occur when the first 17-20 nucleotides of the sgRNA match with other regions in
the genome instead of solely with the target and also in apple, these off-target muta-
tions have been reported [45].

Another problem is the production of chimeras. Several of the studies on the
genome editing of pear and apple discussed in this chapter report the production of
chimeras during regeneration of transformed apple or pear plants [45]. Chimeras
consist of genotypically distinct cells or tissues which may refer to transformed vs
non-transformed cells, but also to transformed cells with different mutant alleles
where the genome editing machinery has introduced distinct mutations in the same
gene of different cells [45]. For example, Charrier et al. [38] reported a high rate of
phenotypic chimeras (64% of regenerated transgenic plants) and editing chimeras
(88% of pure albino phenotype transgenic plants) after CRISPR/Cas9 KO of the
PDS gene in apple. The number of editing chimeras also seemed to increase during
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the regeneration period, possibly due to the continued expression of the CRISPR/
Cas9 cassette. Elimination of chimeras is necessary to establish stable mutants that
can reliably pass on the desired trait to progeny. However, exclusion of chimerism
through sexual reproduction of the transgenic plants is difficult in the highly hetero-
zygous and self-incompatible woody fruit tree species. Alternatively, adventitious
shoot regeneration may be used, but this process takes several rounds of regenera-
tion [45]. Another possible method is the direct delivery of CRISPR/Cas9 ribonu-
cleoprotein (RNPs) into protoplasts which could decrease the number of produced
chimera [47]. Direct transfection of apple and grapevine protoplasts has already
been performed by delivery of cas9 and gRNA using PEG solution [48, 49].

Transformation efficiency in fruit trees is generally still very low compared to
herbaceous plants even using CRISPR/Cas9. One major obstacle contributing to
this low efficiency is the highly recalcitrant nature of these species to both genetic
transformation and in vitro regeneration [50]. In addition, this transformation and
regeneration efficiency seems to vary significantly based on the target, transformed
cell type, delivery method, regeneration method, species and even genotype. For
example, pear transformation seems to happen at lower efficiency compared to
apple: the use of the CRISPR-Cas9 system to knock out Terminal Flower 1 (TFL1)
genes in apple and pear to obtain the early-flowering genotype, resulted in 93% of
apple transgenic lines compared to 9% of pear transgenic lines [38]. A recent study
attempted to increase transformation efficiency in apple through ectopic expression
of MdBBM 1 which promotes plant regeneration [50]. However, it seems that exten-
sive protocol optimization remains necessary for transformation and regeneration of
different species and even different cultivars. This also makes obtaining a trans-
formed plant, albeit less laborious than conventional transgenesis, still very cumber-
some, especially since regenerated plants still require screening and quality control.

Finally, there is considerable public concern regarding transgenic plants. After
the custom-designed nucleases are transformed into transgenic plants and have
induced the desired DSB and mutation, they have to be removed to obtain transgene-
free plants. This can happen via genetic segregation and back-crossing, but this
method is less suitable for fruit trees [13]. Better approaches include transient
expression of CRISPR/Cas9 or the use of preassembled CRISPR/Cas9 ribonucleo-
proteins (RNPs) [37, 51].

3 Application Potential of Genome-Editing
for the Advancement of Important Pome Fruit
Breeding Goals

3.1 Yield Improvement

Higher yield is one of the most important traits to achieve in plant breeding, albeit
also one of the most difficult since it is a quantitative trait that is determined by
many underlying small-effect genes and is highly influenced by environmental
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conditions and management practices [52]. The complex background of yield makes
this trait in itself very difficult to use as a specific breeding target, especially for
targeted gene-editing. Instead, it can be considered as a combination of two traits,
fruit number (crop load) and fruit size, which need to be carefully balanced and
which are both still the result of a complex, multigenic regulation with significant
environmental impact.

No known pome fruit breeding programs have increased crop load as a breeding
target. Instead, a lot of research is focused on crop load management to minimize
biennial bearing and low fruit size due to overcropping. Good management prac-
tices to optimize fruit load include cultivar-adapted pruning to optimize the light
penetration into the canopy and the distribution of spurs versus extension shoots,
thinning of flower buds, flowers and fruitlets, and well-considered root-stock
choices to control vegetative growth [53, 54]. High and stable crop load in apple and
pear are therefore mainly indirectly targeted in breeding programs through more
specific objectives such as root stock breeding, optimized tree architecture and
decreased biennial bearing tendency. Tree architecture and biennial bearing are dis-
cussed more elaborately later in this chapter.

Similarly, fruit size is also largely determined by environmental factors including
orchard management, flower fertilization success, seed number and current crop
load [55]. However, more information is available on the genetic basis of fruit size
potential compared to crop load since studies often use single fruit weight as an
indicative measurement. Fruit size is a complex quantitative trait that is controlled
by multiple genes [56]. It depends on the number of cells, the size of the cells and
the size of the intracellular spaces [57]. Many QTLs and several major-effect genes
have been identified in different studies [56]. Some interesting major-effect genes in
apple were homologous to Arabidopsis cell expansion gene AtSAUR9 and tomato
fruit size/shape determining genes SIOVATE and SUN [58]. Also, several miRNAs
have been associated with fruit weight. For example, overexpression of miR172p in
transgenic ‘“Royal Gala” apple significantly reduced fruit size [56]. These miRNAs
are part of a large superfamily of transcription factors that play important roles in
growth, development and stress response in higher plants [59]. However, the exact
functions of most of these genes and miRNAs remain elusive and more research is
necessary before they can be reliably used to improve fruit size using
genome-editing.

Still, yield as such is often not a primary breeding objective since many other
traits are considered at least as important as high yield for the acceptance of a culti-
var for commercial production. These traits include many practical aspects of fruit
production such as efficient orchard management (trees must be easy to harvest and
cheap to maintain), disease resistance, production stability, storability, and trans-
portability. Also many fruit quality characteristics such as flavor, texture, firmness,
fruit size and novelty are important for marketability. These traits are breeding
objectives in their own right and the most important ones are further discussed in
this chapter.
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3.2 Fruit Quality Attributes
3.2.1 Sensorial Fruit Quality

The sensory or organoleptic quality of apple and other fresh fruits is determined by
three main parameters, namely taste, texture and aroma. These three major sensory
fruit quality attributes each independently impact the sensorial evaluation of the
fruit, but also exhibit an intricate interplay that largely determines the overall taste
and appreciation of fresh fruit. Some organoleptic quality attributes, like soluble
sugar content, titratable acid (TA) and fruit firmness can be quantified using bio-
chemical assays. However, these singular quality attributes only provide partial
insights of the fruit quality and the evaluation of organoleptic fruit quality is there-
fore still mainly performed via sensory panels. Research on existing cultivars sug-
gests that, in general, consumers prefer apples with firm, crisp texture, that are
moderately juicy and that have a balance of sweet to acid taste. These sensory fruit
quality attributes, together with a specific aroma profile, present one of the main
targets for consumer-focused plant breeding in apples.

Genetic mapping and association studies in apple and other fruit species have
revealed that many of these sensory fruit quality attributes including juiciness,
crispness, mealiness, skin color, russet frequency, titratable acidity and soluble sol-
ids content have a complex regulation, and are quantitatively determined by a broad
range of genomic regions with significant environmental impact [60—-64]. This com-
plex regulation with involvement of many genes as well as significant impact from
the environment makes it more difficult to improve these fruit quality attributes
through targeted gene editing, since (i) key regulatory genes have to be known and
sequence-identified, (ii) desired alleles have to be characterized (additivity) together
as well as the most optimal combination of alleles at different loci (dominant and
epistatic effects), and (iii) all desired alleles have to be genetically engineered within
the same generation.

Despite this complex regulation of various aspects of sensorial fruit quality,
some major causative genes have been found to regulate specific aspects of fruit
taste, texture or aroma and often the most desired allele, i.e. conferring an optimal
level of a specific fruit quality parameter, is already known (as well as the genetic
source). However, for most of these genes, a specific allelic DNA sequence variant
conferring fine-tuned activity of the encoded protein, is desired, rather than a func-
tional knock-out or null mutant, implying that desired traits can only be genetically
introduced by advanced editing methods that either introduce nucleotide base pair
switches (base editing) or enable allele replacement (HDR — homology directed
recombination). These advanced gene editing techniques are only recently available
for apple and other perennial fruit trees, and their use and applicability to modulate
organoleptic fruit quality has, up till now, not yet been demonstrated. However,
studies in other fruit species have shown that targeted editing of specific genes can
be used to improve the sensorial quality of fresh fruit. In the following sections, key
genes that determine the expression of different fruit quality attributes are outlined
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together with their desired genetic configuration (allelic variants), with a predomi-
nant focus on genes that can be functionally depleted to obtain the desired phenotype.

Fruit taste refers to the basic sensory evaluation of the fruit commodity (sweet,
sour, bitter, etc.) and for apple and other pome fruit species mainly depends on the
content and composition of soluble sugars and organic acids [65]. Although the
overall content of both these types of macromolecules is important, it is mainly the
relative sugar/acidity ratio (TSS/acidity balance) of the fruit that determines the
fruit’s characteristic taste, implying that both aspects are linked and always need to
be improved in parallel. The sweetness of the apple fruit is predominantly deter-
mined by sorbitol and the total content of soluble sugars (SSC), with no direct effect
of single sugars (like sucrose, glucose, fructose, xylose), though with significant
contribution from several volatile compounds, like esters and farnesene [66]. In line
with the complex metabolic pathways of each of these sweetness-contributing
chemicals, genetic assays have revealed that the sweetness of pome fruit is deter-
mined by multiple genetic loci, with each loci only having minor effects [56, 67—
70]. For the fraction of fructose and sucrose in the total sugar pool, however, a major
locus was identified on linkage group 1 that respectively explains 47% and 27% of
the total variance [67]. This locus harbors the VINI1 vacuolar invertase
(MDP0000149570), which enzymatically confers hydrolysis of sucrose into glu-
cose and fructose to regulate the entry of sugars into different metabolic pathways
[71]. Similarly, a pedigree-based QTL mapping approach in a “Honeycrisp”-derived
germplasm identified and validated three large effect QTLs, i.e. on LG1, 13 and 16,
that were consistent across multiple years for the total SSC content in apple fruit
[70]. However, the causative genes have not yet been identified. Targeted gene
expression studies throughout apple fruit development have shown that the accumu-
lation of fructose in later stages coincides with an enhanced expression of the tono-
plast monosaccharide transporters (TMTs) MdTMT1 and MdTMT2 which convert
the excess amount of imported sugars into starch. At final fruit maturation, the accu-
mulation of sucrose overlaps with an elevated expression and enhanced activity of
the sucrose-phosphate synthases (SPS) MdSPS5 and MdSPS6, which catalyze the
transfer of a hexosyl group from UDP-glucose to D-fructose 6-phosphate to form
UDP and D-sucrose-6-phosphate [72]. A combined QTL and transcriptomics study
in Asian pear (Pyrus pyrifolia) identified two sucrose transport genes (PpSUT,
LOC103964096, and LOC103940043) that are negatively correlated with the sugar
content in ripening fruit [73]. In addition, two sorbitol dehydrogenase genes (PpSDH
genes, LOC103960512 and LOC103960513), were also found to be negatively co-
expressed with total sugar content in the fruit, indicating that these act as antago-
nists of fruit sweetness [73]. Plants harbor different types of sugar transporters, and
the SWEET-class of sugar transporters (i.e., Sugar Will Eventually Be Exported
Transporters) have been found to play a major role in sugar accumulation in the fruit
of apple as well as various other fruit tree crops. Marker-based association studies
thereby revealed that in particular three SWEET genes, i.e. namely MdSWEET2e,
MdASWEET9b, MdSWEET15a, are significantly associated with total sugar content
in the fruit, with MASWEET15a and MASWEET9b accounting for a relatively large
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portion of the phenotypic variation (and located on a region harboring a QTL for
sugar content) [74, 75].

Fruit acidity is a major determinant of the overall apple flavor and strongly influ-
ences the perception of other flavor traits such as sweetness and aroma. The pH of
fresh apples generally ranges from 3.3 and 4.0, making them mildly acidic, and this
is almost exclusively attributed to the accumulation of organic acids, with malic
acid forming the major fraction (+90% of all organic acids) followed by quinic acid
(£5%), citric acid (£1,5%) and small amounts of ascorbic, shikimic, maleic and
tartaric acid [76, 77]. While in wild apple varieties fruit acidity is determined by the
content of both malic and citric acid, in cultivated apple varieties citric acid is almost
completely absent and fruit acidity is almost exclusively determined by malic acid
[76, 78]. The concentration of malic acid can be measured sensorially through panel
tasting, or more quantitatively by pH measurement, analytical methods (HPLC) or
via titration of fruit juice, with the latter actually indicating the total content of
organic acids as expressed in malic acid equivalents per fruit mass (TA: titratable
acidity) [79]. Although acidity of freshly harvested apples is a complex trait, genetic
studies have revealed that it is predominantly determined by two large effect QTLs
together with various minor QTLs that mainly determine the variance in high acid-
ity apple varieties (e.g. Ma4, Ma6, M2, and M3) [80-83]. More specifically, apple
fruit acidity is genetically determined by one QTL on LG16, referred to as the Ma
locus [84], and one on LG8, called the Ma3 locus [85], with both QTLs jointly
explaining 66% =+ 5% of the phenotypic variation through an additive allele dosage
model with incomplete dominance [86—88]. For the Ma3 locus on LG8, up till now,
no candidate genes have been identified that control apple fruit acidity. In contrast,
high resolution mapping and expression assays provided strong evidence that the
aluminum-activated malate transporter gene (ALMT1 or Mal) is the fruit acidity
determining-gene in the Ma locus [§9]. ALMTI encodes a membrane-associated
protein that is targeted to the tonoplast and actively transports malic acid molecules
from the cytosol to the vacuole, which serves as major subcellular repository for
organic acids, hence contributing to its cellular accumulation [90]. The low acidity
mal allele still localizes to the tonoplast but exhibits reduced malate transport func-
tionality as compared to the pseudo-dominant high acidity Mal allele due to a
84-AA truncation in the conserved C-terminal end domain [90]. Diversity studies in
apple also showed that expression of Mal is significantly correlated with the fruit
titratable acidity at harvest [89], making it a highly suitable candidate for direct
modulation of fruit acidity through gene editing approaches. Recent studies pro-
vided more insights into the regulation of these tonoplast transporters in apple fruit
and identified several MYB transcription factors, including MdMYBI1 and
MdMYB73, as important regulators of vacuolar accumulation of malate. MdAMYB1
promotes the expression of two genes encoding B subunits of vacuolar H*-ATPase
(VHA), MdVHA-B1 and MdVHA-B2, and thereby transcriptionally activates its
H+ pumping activity and enhances the transport of malate into the vacuoles [91].
Similarly, MdMYB73 transcriptionally activates MdALMT9, MdVHA-A and
MdVHP1 (vacuolar pyrophosphatase 1) to enhance their activity, leading to
increased concentrations of malate and vacuolar pH [92]. The activity of MdAMYB73
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towards its downstream targets was thereby found to be positively influenced by the
interaction with MdCIbHLH1. This transcriptional cascade (that promotes malate
accumulation in the vacuole) is antagonized by the BTB-BACK-TAZ domain pro-
tein MdBT2 which targets MACIbHLH1 and MdMYB73 for ubiquitination and
subsequent degradation by the 26S proteasome pathway, hence negatively regulat-
ing accumulation of malate and vacuolar acidification [93]. Recently, another
R2R3 — MYB transcription factor, namely MdMYB44, was found to control the
fruit malate content and acidity in apple, though in a negative manner. MdM YB44
represses the promoter activity of the malate-associated genes Mal (Aluminum-
Activated Malate Transporter 9), MalO (P-type ATPase 10), MAVHA-A3 (V-type
ATPase A3), and MdVHA-D2 (V-type ATPase D2), and thus suppresses vacuolar
import and accumulation of malate. Importantly, specific SNPs in the promotor
region of MAMYB44 thereby showed strong association with fruit malate content,
i.e. either through their effect on basal activity or by altering affinity towards the
basic-helix—loop-helix TF MdbHLH49 [94]. Parallel to MdMYB44, the protein
phosphatase MdPP2CH also negatively regulates accumulation of malate in the
fruit by post-transcriptionally suppressing the activity of the vacuolar H*-ATPases
MdVHA-A3, MdVHA-B2 and MdVHA-D2 as well as the malate transporter
MdJALMTII through dephosphorylation [95]. As MASAUR37 was thereby found to
promote malate accumulation in the apple fruit by negatively regulating the
MdPP2HC phosphatase activity, the MdSAUR37/MdPP2CH/MdALMTII chain
was found to precisely determine apple fruit malate contents through hierarchical
epistatic genetic effects [95]. Overall, multiple genetic factors that contribute to
metabolism and vacuolar accumulation of organic acids, and particularly malic
acid, in apple fruit have been retrieved with identification of both positive and nega-
tive regulators and associated characterization of allelic effects. Despite the absence
of concrete examples, these genetic insights provide a strong basis for precisely
modulating the titratable acidity as well as the overall organoleptic appreciation of
the apple fruit through targeted gene editing approaches such as CRISPR
and TALENS.

3.2.2 Nutritional Quality and Food Functionality

During the last decade there has been a paradigm shift regarding consumer accep-
tance towards fruits. Due to the general awareness of the impact of food consump-
tion on personal health and overall increased welfare, consumers now also take into
account the nutritional, functional, and physio-chemical factors of fruits, in particu-
lar for fresh produce. Also for pome fruit, such as apple and pear, there is an increas-
ing preference for varieties that have high levels of health-promoting compounds,
such as essential vitamins, minerals, dietary fibers, antioxidants and other key phy-
tochemicals. The visual characteristics (e.g. skin characteristics), eating quality
(e.g. texture and flavour), and storability are among the main fruit quality traits
being targeted in apple breeding programs, but the enhancement of phytochemicals
is now gaining traction to select “bio-fortified” apple cultivars. However, despite
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their relevance for public health, almost no directed selection for specific fruit bio-
chemicals or overall augmented nutritional value has yet been performed. As a
result, current apple varieties generally do not have high food functionality, and
instead, for most nutritional parameters, have reduced contents or values as com-
pared to their wild counterparts. For example, several studies reported that modern
apple varieties have drastically reduced polyphenol content (particularly stilbenes,
hydroxycinnamic acids, and dihydrochalcones) compared with the ancestral heri-
tage, wild progenitors (Malus sieversii) and germline cultivars [96, 97]. Similar
observations were made for organic acids, including malic and ascorbic acid, indi-
cating significant counter-selection during domestication and breeding, most likely
as indirect effect of selection against bitterness [96]. In contrast, some relevant fla-
vonoids (flavonols and flavan-3-ols) and triterpenoids (ursolic, oleanolic, and betu-
linic acids) did not show this selection-induced reduction in modern apple varieties
[96]. Moreover, the few incentives that projected to increase the nutritional fruit
quality in apple via conventional ways failed or only had limited success, mainly
due to the complexity of the underlying biochemical pathways and adverse side
effects on other agronomic or consumer-related attributes.

Now, gene editing approaches allow specific enhancement of the health-related
nutritional composition and food functionality of commercial apple cultivars, with-
out affecting their typical flavor and fruit quality attributes, and therefore form an
easy and straightforward method to improve general public health. Germplasm
characterization studies have revealed dramatic variation in the content of various
nutritional compounds in apple, including polyphenols, vitamin C, etc., indicating
that the biochemical composition of the fruit is predominantly genetically deter-
mined. However, genetic studies have shown that both the content and composition
of these phytochemicals is generally under polygenetic control with multiple small
effect genetic loci. This diluted genetic control largely impairs the genetic enhance-
ment of these compounds through single gene editing approaches. Though, for
some biochemicals, like polyphenols, the polygenetic control is mainly determined
by a small number of genetic loci that have a small effect [98]. In these cases,
knowledge of these genes (the relatively simple genetic architecture) may provide a
basis to significantly optimize the content or composition of the specific compound
of interest through targeted gene editing approaches. For many fruit bio-chemicals,
underlying genetic loci (QTLs) and associated candidate genes have been identified
in apple through genetic linkage mapping or association studies [63, 99, 100]. Using
a combined genomics-metabolomics approach, both Khan et al. [100] and Bilbrey
et al. [99] hereby detected a large number of metabolite quantitative trait loci
(mQTL) spread along all chromosomes, with hot spots on the linkage groups 16 and
17 for apple phytochemicals. However, up till now, only a few regulatory genes
have actually been identified and were validated to play a functional role in the
determination of the biochemical composition of apple fruit.

For polyphenols, candidate genes for the production of quercetin, epicatechin,
catechin, chlorogenic acid, 4-O-caffeoylquinic acid and procyanidins B1, B2, and
C1 have been retrieved via mapping [98], however, no further functional validation
has yet been performed and actual genetic regulators have not yet been identified.
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Specifically for the dihydrochalcone phloridzin (phloretin 2’-O-glucoside), i.e. the
most abundant phenolic compound in apple trees (Malus x domestica), regulatory
enzymes have been identified via genomics and in vitro studies with validation
through transgenic approaches. In particular, six glucosyltransferases (UGTs) have
been identified which are able to selectively glucosylate phloretin, i.e. the direct
precursor of phloridzin [101]. As a follow up, one recent study used genetic
approaches, including RNAi and CRISPR, to analyze the function of one of these
UDP-2’-O-glucosyltransferases, namely MdPGT1, in phenol metabolism, and
thereby demonstrated that PGT1 stimulates the production of phloridzin in the
leaves of apple with distinct morphological differences between knock-down and
genome-edited mutant lines [102].

Anthocyanins form an important group of phenolic compounds, as they confer
health-related benefits due to their antioxidant activity but also contribute to senso-
rial fruit acceptance due to their role as a pigment. Several molecular regulators of
anthocyanin metabolism have been identified, though most act in the biosynthesis
and thus have a promotive effect on anthocyanin accumulation. For example, the
anthocyanin biosynthesis pathway is transcriptionally regulated by the MYB-
bHLH-WD40 (MBW) complex, with allelic variants of the enclosed MYB10/
MdMYBI1 TF [103] determining tissue-specific expression and thus controlling
apple fruit (peel and flesh) as well as foliage color. Overexpression of MYBI0 leads
to a significant increase in foliar, flower and fruit anthocyanins, especially in the
fruit peel, with no negative impact on sensorial quality and other consumer-related
quality traits. However, due to their promotive effect, these regulatory genes do not
form suitable candidates for CRISPR-based gene editing for enhancing anthocyanin
contents. Besides these promotive proteins, two other MYBs have recently been
identified as transcriptional inhibitors of anthocyanin biosynthesis; namely
MdMYB6 and MdMYB306. Xu et al. (2020) showed that MdMYB6 inhibits antho-
cyanin synthesis by directly inhibiting MAANS and MdGSTF12, i.e. two positive
regulators of anthocyanin production, and by reducing contents of the precursors
UDP-glucose and UDP-galactose by regulating the monosaccharide transporter
MdTMT]1 [104]. In addition, a second R2R3-MYB TF, namely MYB306-like, was
found to act as an anthocyanin repressor gene. More specifically, the MdAMYB306-
like protein activates the expression of an anthocyanin repressor gene, MAMYB17,
and inhibits the expression of the anthocyanin structural gene MdDFR through
direct promotor binding, and additionally interacts with MdbHLH33 and MdAMYB 17
to enhance its TF regulatory activities [105]. In line with this, transient silencing of
MdMYB6, MdBY306-like and MAMYB17 leads to increased anthocyanin concen-
trations, indicating that these genes form interesting targets for CRISPR-based
mutagenesis to obtain increased anthocyanin contents in apple fruit [105]. Besides
these antagonistic regulators of anthocyanin identified in apple, genetic studies in
various other fruit crop systems, i.e. in particular tomato, have also identified sev-
eral other factors that operate in the flavonoid metabolic pathways to suppress or
reduce anthocyanin production. These include the ATROVIOLACEA (ATV)
R3-MYB protein [106] and the nuclear protein DE-ETIOLATED1 (DET1) [107].
Genetic loss of function of these proteins is associated with a significant increase in
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anthocyanins in the mature fruit, making them excellent candidates for CRISPR
based mutagenesis of their orthologous proteins in pome fruit for increasing antho-
cyanin contents in the peel and the pulp.

Another bio-chemical component with strong nutritional value as antioxidant is
vitamin C or ascorbic acid (AsA). Besides its general role in oxidative stress mitiga-
tion, dietary L-AsA also has various other important health benefits. Increased
intake of vitamin C has been associated with a decreased incidence of several
important human diseases, such as cataract, cardiovascular diseases, and cancers.
Vitamin C also promotes the uptake of iron and zinc, which is particularly relevant
in meat-poor diets. Humans cannot synthesize Vitamin C due to the absence of the
gene encoding L-guluronic acid-1,4-lactone oxidase, which catalyzes the last step
in the AsA synthesis pathway, and therefore completely rely on dietary intake of
AsA to meet their daily requirements [108]. Fruits are the main source of human
AsA intake, though fruit AsA levels in commercial pome fruit cultivars are gener-
ally quite low as compared to other fruit species, such as lemon, orange and straw-
berry, with apple and pear only containing 0.05-1.0 and 5-10 mg AsA per 100 g
fresh weight, respectively [109]. The ascorbic acid metabolic pathway has been
extensively studied in plants, and has been found to be rather complex involving
several parallel pathways that include multiple enzymatic steps [108], with total
AsA accumulation being regulated by transcription factors, protein interactions,
phytohormones, and environmental factors. Despite the fact that most of the regula-
tors have already been identified in model systems, their functional role and contri-
bution in the AsA metabolism of pome fruit has not yet been resolved, although
there are a few exceptions. For example paralogs of GDP-1-Galactose Phosphorylase
(GGP) have been found to act as a major determinant of Vitamin C concentration in
apple fruit, with specific alleles leading to a significantly higher level of Vitamin C
content in the pulp [110]. However, as these alleles do not confer a functional GGP
knock-out, but instead promote AsA biosynthesis through formation of specific pro-
tein variants, these GGP paralogs do not form suitable candidate genes to boost AsA
levels in the pome fruit via CRISPR mutagenesis. Therefore, it is still unclear which
genetic factors can be used for the engineering of increased fruit AsA levels in pome
fruit through CRISPR editing.

3.3 Agronomic Traits
3.3.1 Disease and Pest Resistance

Apple and pear orchards are routinely plagued by insect pests, including aphids,
mites, and caterpillars. Also many bacterial and fungal diseases are prominent in
pome fruits. By far the most destructive bacterial disease is fire blight (Erwinia
amylovora). Major fungal diseases include apple scab (Venturia inaequalis), pear
scab (Venturia pirina and Venturia nashicola) and powdery mildew (Podosphaera
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leucotricha). Viral diseases can generally be sufficiently controlled through the use
of certified virus-free plant material. Economic losses due to these and other pests
and diseases include loss of produce, reduced fruit quality, loss of trees or even
orchards, disruption of orchard production, management costs, and costs related to
stringent quarantine and international trade regulations. In addition, preventive and
curative treatments through chemical fungal sprays or antibiotic sprays raise impor-
tant environmental, biosafety and health concerns [111-114]. Disease and pest
resistance is therefore an important breeding objective in pome fruit species.

A first approach to improve disease resistance is through the introgression of
resistance genes into elite cultivars. There are two main types of disease resistance,
namely quantitative and qualitative resistance. Quantitative resistance is conferred
by many small-effect genes and results in partial resistance to multiple pathogen
strains making it highly durable [111]. On the other hand, qualitative resistance is
usually based on a gene-for-gene interaction between the pathogen avirulence (Avr)
gene and the plant resistance (R) gene and often leads to a hypersensitive response
against the pathogen. This form of single major gene disease resistance is easier to
obtain for breeders, but can also be more easily broken by newly evolving virulent
pathogen strains [111, 115]. It is therefore preferred to stack disease resistance
genes or to combine qualitative and quantitative resistance [111, 114]. Resistance
genes have been identified for several important pear and apple diseases. For fire
blight, the only functionally characterized resistance gene is FB_MRS, however
resistance conferred by this gene has regrettably already been overcome [116, 117].
Several other putative candidate resistance genes include FB_Mful0, NBS-LRR
genes of ornamental cultivar Evereste, and several genes with disease-related
domains in the FB_Marl12 region [117-119]. For apple scab resistance, around 20
R genes are known, but not all confer equally durable resistance. Through world-
wide monitoring of Rvi breakdown, the genes Rvi5, Rvill, Rvil2, Rvil4 and Rvil5
were identified as rarely overcome, possibly because of an associated fitness cost to
the pathogen [120]. In pear, identified resistance genes for Venturia nashicola
include RVnk [121], Rvn2 [122] and Rvn3 [123]. For V. pirina, Rvpl was identified
[124]. Powdery mildew is mainly studied in apple where several resistance genes
are known: PlI, PI2, Plw, Pld [125]. However, current advanced breeding material
generally lacks major resistance genes and therefore, wild Malus and Pyrus species
remain the most important source of disease resistance alleles. This hampers appli-
cation of conventional breeding because of problems with the long life cycle of
pome fruit species and linkage drag [111], especially when pyramiding multiple
resistance genes. This process can be sped up through transgenic approaches. There
are several examples of genetic transformation to bring resistance genes into apple
and pear [126-128]. However, this approach is more difficult to apply using gene-
editing techniques which are more suited for knock-out of negative regulators of
resistance.

Alternatively, disease resistance in plants may be achieved through the silencing
or knock-out of susceptibility (S) genes. Several studies have successfully obtained
resistance cultivars through genetic transformation with S genes as target. For
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example silencing of the HIPM gene (HrpN-interacting protein from Malus) through
RNA interference resulted in increased fire blight resistance in apple cv. “Galaxy”
[129]. Knockout of susceptibility genes is well suited for genome editing applica-
tions and has already been applied in apple cultivars “Gala” and “Golden Delicious”
to significantly reduce bacterial fire blight symptoms through inactivation of
MdDIPM4 which interacts with pathogen effector protein DspA/E [37, 130].
Similarly, another study targeted DIPM 1, DIPM?2 and DIPM4 in “Golden Delicious”
to increase resistance to fire blight [49]. Susceptibility genes don’t always have to
encode proteins that directly interact with plant effectors, but may also be more
broadly involved in plant immunity. For example, targeted silencing of a frequently
used susceptibility gene MdMLO increased powdery mildew resistance in “Gala”
[131]. MLO is a transmembrane protein located in the plasma membrane and is
presumed to be involved in plant defense and immunity responses [132].

Plant susceptibility genes may also be found for insect pests. For example, such
genes may be involved in the induction of defense signaling pathways, food acces-
sibility and food quality [133]. For example, in A. thaliana, the transcription factor
WRKY?22 is involved in pathogen-triggered immunity and knock-out mutants were
more difficult to colonize by aphid populations [134]. However, knowledge of
S-genes against insect pests is limited and to our knowledge there have been no
applications in pome fruit species to date.

Finally, another alternative approach is to target pathogen or microbial genomes
using CRISPR/Cas9 technologies as compared to focusing solely on the host. For
example, the gene drive system, which was shown to be successful in mosquito
[135] may be adapted and applied in sexually inheriting plant pathogens [136].
Original gene drive systems are based on homing endonuclease genes (HEGs)
which encode proteins that cleave a recognition site of around 20-30 nucleotides on
the genome. The HEG itself is inserted in the middle of its own recognition site
thereby protecting itself from further cleavage. When the HEG comes in contact
with the target site on the wild-type homologous chromosome it will induce a DNA
DSB. The DSB is repaired using the homologous chromosome as a template and the
HEG allele is copied into the broken chromosome. As a result, these HEGs can
spread rapidly through populations [137]. The gene drive system can be made more
accurate and flexible using CRISPR-based adaptations [138] and there are many
agricultural applications, including the sensitization of a population to pesticides
(local sensitizing gene drive), manipulating plant pathogen-vector relationships,
and knock-out of virulence genes [139]. The latter has already been shown success-
ful under in vitro conditions for the wheat pathogen Fusarium graminearum [140].
Similarly, the CRISPR/Cas9 gene drive approach may also be applied to enhance
performance of biocontrol agents or beneficial organisms which can heighten plant
immunity [136]. However, this system is subject to major concerns regarding bio-
safety and bioethics and should not be applied without extensive risk assess-
ment [141].
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3.3.2 Abiotic Stress Tolerance

As sessile organisms, plants continuously endure a whole range of environmental
stressors including drought, waterlogging, extreme temperatures, soil salinity, wind,
and hail, which can severely affect growth and production. Improved abiotic stress
tolerance allows fruit trees to be grown in suboptimal environments which is espe-
cially relevant in light of climate change and the associated occurrence of more
extreme weather events worldwide. Important breeding objectives include tolerance
to drought, cold, and soil salinity.

Drought tolerance in apple and pear trees is often tackled through root stock
breeding in an attempt to achieve enhanced uptake of water through a better-
developed root system. A recent study describes the knock-out of GRETCHEN
HAGEN3.6 (MdGH3.6), an indole-3-acetic acid conjugating enzyme, in apple root-
stocks through RNAI to increase tolerance to prolonged drought periods without
impacting fruit quality. Knocking out this gene increased IAA content, adventitious
root number and root length [142, 143]. Other potential drought tolerance related
targets for CRISPR genome editing that were successful in other species include
genes involved in stomatal density (VVEPFLO-1) [144], stomatal response (AtOST?2)
[145, 146], genes involved in ABA signaling (AtAREB1, SIMAPK3, OsSAPK?2),
and leaf rolling (OsSRL1 and OsSRL2) [145].

Although adult pome fruit trees are generally quite cold-hardy, severe production
losses can still occur due to frost damage to flower buds, flowers, young shoots and
fruits. Cold hardiness can differ between cultivars [147], but little is known about
the genetic and biochemical basis. Several genes for general cold-hardiness have
been identified in apple. Putative positive regulators of cold hardiness in apple
include MdHYLI, Mdm-miR172 [148], and CBF genes (C-repeat binding factors)
like MdCBF1-5 [149]. Knock-out of negative regulators, such as Mdm-miR156, can
cause increased cold-hardiness, which is more interesting for genome editing appli-
cation [148]. Many of the genes and pathways involved in cold-tolerance are also
involved in other (a)biotic stress responses. For example, the previously mentioned
CBF genes are considered hub genes that are involved in drought, salinity and cold
responses [149, 150]. Targeting these genes may result in simultaneously increased
tolerance to other abiotic stress factors, however caution must be taken to avoid
undesired side effects.

Heat stress in pome fruits can lead to sunburn of leaves and fruits, scorching of
leaves and in extreme cases early fruit drop and even leaf drop [151, 152]. Damage
can be especially severe in combination with drought. In high temperature condi-
tions, damage may occur in plant cells due to protein misfolding and denaturation,
damage to membranes and accumulation of ROS species [153]. Gene targets to
enhance heat tolerance in pome fruits are likely to be found in plant antioxidant
defense systems or osmotic adjustment pathways [154]. Heat stressed plants will
also generally synthesize a variety of heat-shock proteins (HSP). Such HSPs are
also found in apple and have been identified as important regulators of temperature
stress responses. Members of the HSP20 gene family appear to be especially



326 H. Claessen et al.

important and are highly upregulated in response to heat stress [151]. Another heat-
stress related gene is MdPRP6 which was shown to enhance heat stress tolerance
when overexpressed in transgenic tobacco plants [153]. Possible genome editing
targets are negative regulators of these heat shock related genes.

Finally, soil salinity is detrimental to plants due to osmotic stress and salt toxicity
[155]. It mainly occurs due to irresponsible irrigation and fertilizer application. The
plant may try to overcome salt stress by inducing osmoregulating and antioxidant
systems [156]. In apple, MdINTI has been shown to confer salinity tolerance by
regulating antioxidant systems, and homeostasis of ions and osmosis [156]. Several
other genes involved in response to salt stress have been identified in other plants,
but relatively little knowledge is available in apple and pear. For example, knockout
of AITR (ABA induced transcription repressors) gene family members in A. thali-
ana increased drought and salinity resistance [157]. Also in A. thaliana, a nucleopo-
rin gene NUPS5 seems to modulate the response to salt stress [158]. Improved salt
tolerance was also achieved in rice by CRISPR/Cas9-targeted mutagenesis of the
OsRR22 gene involved in cytokinin transduction and metabolism [159], and in
tomato through down regulation of Auxin Response factor 4 (ARF4) [160].
Homologous gene targets may be explored in pome fruit species.

3.3.3 Tree Architecture

Tree architecture is influenced by four main factors: primary growth, branching pat-
terns, flowering location and meristem and shoot mortality [161]. In commercial
pome fruit production, tree architecture can influence important factors such as fruit
quality, yield and orchard management requirements including planting density,
pesticide application efficiency, harvesting efficiency, and requirements for thin-
ning, pruning, branch-bending and tying [161]. The ideal tree form would allow
high density plantings and maximum automatization [162]. The main breeding
goals regarding tree architecture in pear and apple are dwarfing (mainly achieved
through dwarfing root stocks) and optimal branch orientation [163]. Causative
genes have been identified for the dwarfing trait, branch orientation and the colum-
nar growth habit in apple [162].

Dwarfing root stocks limit tree size, enable high density plantings, increase
flower density and allow more efficient mechanization [164]. Mainly genes associ-
ated with growth-related plant hormones are linked to the dwarfism trait and may be
identified as putative targets of gene editing. For example, in peach, a nonsense
mutation in the GA receptor GIDIc was found to result in dwarfism [165]. In apple,
overexpression of the transcription factors WRKY9 and NAC1, which are negatively
involved in the brassinosteroid biosynthesis pathway, was shown to result in dwarf-
ing [162, 164, 166].

Several gene families are associated with branch orientation, namely WEEP, and
IGT family genes TAC!I and LAZY1 [167-169]. Tiller Angle Controll (TAC1) pro-
motes lateral shoots to grow outward and reduced or eliminated expression of this
gene causes more upright growth habits [162]. In contrast, LAZY1 promotes
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upward shoot orientation. Plants with reduced or no LAZY! expression show wide
shoot angles [170, 171]. A weeping growth habit was found in birch and plum with
a defect or silenced LAZYI gene [162, 172]. In theory, a desired branching pheno-
type may be obtained in trees by balancing the effects of targeted editing of one or
several of these genes.

One of the most ideal branching habits in apple is the columnar type. These trees
grow upwards as a column with very short branches and an increased number of
spurs [162]. They are ideally suited for high density plantings and automatization,
although they are generally very susceptible to biennial bearing and produce lower
quality fruits [173—175]. Columnar growth habits have been achieved in apple
through mutation of the MdCoL gene, which encodes a putative 10G-FEII oxygen-
ase [161, 176], and overexpression of LEAFY [177].

3.4 Pollination and Fertilization
3.4.1 Self-Incompatibility

Generally, fruit set in pome fruit species is dependent on cross-pollination between
two cross-compatible cultivars due to the S-RNase dependent gametophytic self-
incompatibility system (GSI) which prevents self-fertilization [178—180]. This sys-
tem is genetically controlled by the S-locus which carries a pistil-expressed S-RNase
gene and multiple pollen-expressed SFBBs (S-locus F-box brothers) [178, 181—
183]. According to the currently accepted non-self-recognition mechanism, SFBB
proteins expressed by the pollen haplotype recognize non-self S-RNases in the
style, but not self-S-RNases, and mediate their degradation through the ubiquitin-26S
proteasome [184, 185]. Problems with this innate self-incompatibility arise when
cross-pollination is hampered. To ensure sufficient cross-pollination and thus eco-
nomically viable yields, several conditions must apply including (1) adequate pres-
ence of a diverse pollinating insect population, (2) presence of well-distributed trees
of a cross-compatible pollen donor cultivar with overlapping flowering period in the
orchard, and (3) optimal weather conditions during flowering. However, these con-
ditions cannot always be met and even then, fruit set after self-pollination is expected
to be more stable compared to cross-pollination [186]. Therefore, self-compatibility
(SC) has become an important breeding objective [5].

Spontaneous self-compatible (SC) mutant apple and pear varieties are rare and
hardly ever suitable for commercial fruit production. One exception is “Osanijisseiki”
which is a natural SC mutant of the Pyrus pyrifolia cultivar “Nijisseiki”.
“Osanijisseiki” was released as cultivar in 1979 and has been used as a parent to
breed new SC cultivars using conventional breeding strategies [5]. Spontaneous SC
mutants in pome fruit species are either the result of pistil-function breakdown,
essentially meaning knock-out of the S-RNase gene [181, 187, 188] or alternatively
of competitive interaction due to polyploidy or segmental duplications in the S-locus
[189, 190]. The latter approach is less suited as genome-editing application,
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however pistil-function breakdown of self-incompatibility has already been suc-
cessfully applied in apple to create a transgenic SC Elstar mutant using a co-sup-
pression approach resulting in S-RNase gene silencing [186]. Knock-out of the
S-RNase gene could be performed relatively easily using genome-editing approaches
to introduce the self-fertility trait into established commercial cultivars.

3.4.2 Parthenocarpy

Parthenocarpy refers to natural or artificially induced fruit development without
fertilization of the ovule [191]. In commercial pome fruit production, this is a very
interesting trait because it can alleviate problems with pollination, self-
incompatibility, biennial bearing and spring frost. In addition, parthenocarpic fruits
are seedless and often have more edible pulp and less core which is often preferred
by consumers and can be an advantage for industrial food processing applications
[192, 193]. Parthenocarpy is mainly genetically determined and can vary between
species and cultivars. In pear, natural parthenocarpy is more common in Pyrus com-
munis cultivars compared to the Asian pear species, such as Pyrus pyrifolia [194].
Pyrus communis parthenocarpic cultivars include “Conference” [195] and “Bartlett”
[196]. In apple, some parthenocarpic fruit can develop on “Cox’s Orange Pippin”,
“Wellington Bloomless™” and “Spencer Seedless” [197].

Natural parthenocarpic fruit set in pome fruit species is usually relatively low,
but can be stimulated using plant growth regulators (PGR) during early fruit devel-
opment to obtain economically viable yields. These PGRs generally impact the
auxin, cytokinin or gibberellin pathways that are involved in fruit set and develop-
ment [193, 198, 199]. Correspondingly, parthenocarpic mutations in a variety of
species are generally found in the synthesis and metabolism pathways of these hor-
mones [193]. Overexpression of auxin biosynthesis or receptor genes and silencing
of auxin signal repressor genes or negative regulators of auxin signaling are associ-
ated with parthenocarpy in tomato (Solanum lycopersicum) and eggplant (Solanum
melongena) [193, 200-203]. In the gibberellin pathway, overexpression of GA bio-
synthesis genes, such as gibberellin 20-oxidase genes (GA20ox), and suppression of
GA respressor genes like DELLA and GA2o0x genes have been shown to lead to
parthenocarpy in A. thaliana and tomato [204-208].

Alternatively, floral homeotic genes are also often associated with partheno-
carpy. For example, the silencing of genes responsible for stamen identity has been
associated with parthenocarpy in tomato, possibly because stamens act as negative
regulators to restrict ovary development before pollination and fertilization have
occurred [209, 210]. These genes include, amongst others, several class B MADS-
box genes such as TOMATO APETALA3 (TAP3), DEFICIENS (s/DEF), TOMATO
MADS BOX GENEG6 (TM6), and TOMATO PISTILLATA (TPI) [209,211-213]. In
apple, two parthenocarpic cultivars showed similar splicing variants of the AtPI
homolog which were causally related to their parthenocarpic trait [214, 215]. In
pear, several transcriptomic studies on induced parthenocarpic fruit development in
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pear showed possible involvement of homologs of many of the above listed tomato
genes. For example, key GA-associated genes related to parthenocarpy in pear
include GA20ox, GA3ox, GA20x, GA receptor GIDI, and DELLA [216, 217], as
well as MADS-box class B gene DEF. However, the genetic basis for parthenocar-
pic fruit set is still largely unclear in woody fruit tree species and mutations in many
of the mentioned genes cause undesired pleiotropic effects. In addition, pathways
leading to parthenocarpy in pome fruits may be different compared to A. thaliana
which produces siliques or tomato which produces botanical fruits compared to
accessory fruits. Therefore necessary caution must be taken when choosing possible
gene targets for parthenocarpy in pome fruit trees based on studies in these model
species.

3.5 Tree Phenology

As perennial species, pome fruit trees require immaculate regulation of their phe-
nology to survive and reproduce in temperate climates with seasonally changing
climatic conditions. In order to anticipate these seasonal changes, temperate tree
species take climatic cues to regulate important transitions in their life-cycle, includ-
ing dormancy, bud burst, flowering, fruit development, and leaf-drop. Phenology
characteristics greatly determine the success of a cultivar in a given location due to
their impact on the tree life-cycle, including many reproductive traits that are essen-
tial for fruit production. As a result, considerable effort has been devoted to eluci-
date the molecular mechanisms that underly important phenological transitions. In
the following paragraphs three aspects of tree phenology are briefly discussed which
have major relevance to pome fruit production: juvenility, dormancy and biennial
bearing. We also discuss potential applications of gene editing techniques based on
current knowledge.

3.5.1 Juvenility

Juvenility in most pome fruit species can take 5—6 years which significantly extends
the breeding cycle and delays research on reproductive biology [218]. Therefore, a
shortened juvenile period is of great interest to breeders and researchers, and several
attempts have been made to obtain early flowering apple and pear mutants with the
goal of accelerating conventional pome fruit breeding and research. For example,
apple and European pear TFLI-1 mutants showing an early flowering phenotype
were successfully obtained using CRISPR-Cas9 technology [38]. These mutants
flower continuously in vitro, do not require cold accumulation to induce flowering
and completely by-pass the juvenile period. However, the benefits of cultivars with
a short juvenile period are limited in the context of fruit production, since mature
tissue can be clonally propagated onto rootstocks once juvenility is broken.
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3.5.2 Dormancy

To survive the harsh winter conditions, temperate fruit trees go through both endo-
and ecodormancy. Dormancy can be defined as the “temporary suspension of visi-
ble growth of any plant structure containing a meristem” [219]. In pome fruits, both
mixed and vegetative buds are formed during the flowering period [220]. In autumn,
low temperatures and short day conditions induce a state of endodormancy in these
buds which can only be broken by the fulfillment of the cultivar-dependent chilling
requirement [221]. Once this chilling requirement is reached, buds transition into a
state of ecodormancy. Ecodormancy is broken by higher temperatures, initiating
bud break. This two-factor regulatory system prevents early bud break on a warm
day in late autumn or during cold days in early spring [222]. Ideally, this break of
two dormancy states initiates uniform flowering, which is advantageous to both the
plant and the grower. Dormancy cycles can be disturbed when pome fruit trees can-
not reach the required amount of chilling after a mild winter. This can lead to abnor-
mal bud break, resulting in extended flowering periods, delayed leaf formation and
asynchronous fruit development [223]. Currently, problems associated with abnor-
mal bud break are mainly observed in orchards grown in subtropical climates, but
may also start to occur in more temperate regions as a consequence of climate
change. Several chemical treatments can be used to break dormancy in pome fruits
including Dormex, potassium nitrate, and mineral oil [224]. However, these prod-
ucts are associated with environmental and health concerns and pose significant
costs to growers. Therefore, the development of commercial apple and pear culti-
vars with low chilling requirements would be beneficial.

Several key hormones and some regulatory genes involved in the maintenance
and release of endodormancy have been identified [222]. In pear, abscisic acid
(ABA) levels increase during endodormancy induction and remain high during
endodormancy. During cold accumulation, transcription of PpCYP707A-3, which
encodes an ABA 8-hydrolase enzyme, sharply increases. Simultaneously, ABA lev-
els in the buds decrease initiating transition from endodormancy to ecodormancy in
pear [225]. The onset of this transition is believed to result from the release of inhi-
bition on GA biosynthesis, regulated by PpGASTI. Transcription of PpGAST1I is
inhibited by ABA and decreasing ABA levels during dormancy transition allow
PpGASTI levels to rise. Increased PpGAST transcription levels were accompanied
by increased transcription of PpGA200X2, a GA biosynthesis gene. Additionally,
high ABA levels also indirectly induce the GA catabolism gene PpGA20X1, result-
ing in decreasing GA levels [226]. Another important gene group associated with
dormancy regulation is the dormancy-associated MADS-box (DAM) gene family.
Their expression is tightly regulated by ABA through several transcription factors
including ABA response element (ABRE)-binding transcription factor 1 (AREB1),
which represses PpDAM] transcription in pear. PPDAM genes promote ABA bio-
synthesis by upregulating the expression of PpNCED3, an ABA biosynthesis gene
[227]. In transgenic pear calli, DAM3 was found to also inhibit cell division and cell
growth, supporting their role in pear bud dormancy. Interestingly, two Asian pear
cultivars (P. pyrifolia) “Suli” and “Cuiguan” with respectively a high and a low
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chilling requirement, showed different expression patterns of PpDAM3 during
endodormancy [228]. Additionally, epigenetic regulation is also found to be involved
in bud dormancy. In peach (Prunus persica) and sweet cherry (Prunus avium), DAM
genes were found to be under epigenetic regulation by histone modifications and/or
DNA methylations during the dormancy process [222]. In apple and pear, bud break
was associated with a decrease in DNA methylation under ideal high chill condi-
tions [229, 230]. However, the precise mechanisms underlying epigenetic regula-
tion of dormancy in pome fruits remain unknown.

As negative regulators of dormancy release, DAM genes appear to be good can-
didates for targeted gene editing. DAM gene expression may be altered through
CRISPR transcriptional repression to adapt the cold requirement of various pome
fruit cultivars. Alternatively, CRISPR-Cas9 may be used for targeted mutagenesis
of the DAM genes. To our knowledge, no previous work has targeted DAM genes in
perennial fruit trees to alter dormancy. However, there is a known, natural DAM
evergrowing (evg) peach mutant which is the result of a genomic deletion of four
DAM genes and which does not enter dormancy when exposed to low temperatures
or shortening days [231]. More research is needed to determine the effects of tar-
geted DAM mutagenesis on dormancy in pome fruits and its applicability in com-
mercial fruit production. Also, alternative targets need to be identified to more
precisely fine tune chilling requirements.

It is predicted that winter warming and resulting disturbed dormancy will be an
issue for temperate fruit production in increasingly larger areas of the world [232].
For example, due to rising winter temperatures in Japan, flowering disorders occur
more frequently in P. pyrifolia “Hosui” trees which as a result show erratic flower-
ing, asynchronous bud-break and bud loss due to inadequate chilling during the
dormancy phase [223]. However, increased temperatures are not always negative
for pome fruit production. For example, European pear (P. communis) production of
the cultivar “Conference” in Belgium is predicted to be at a lower risk of frost
damage-related production losses because of the decreased occurrence of frost days
during the flowering period [233]. These two examples show that the consequences
of climate change on pome fruit phenology trees are complex and region- and
cultivar-specific. In given examples, a decreased chilling requirement may improve
uniform bud break in “Hosui” pears grown in Japan, but could expose “Conference”
pears grown in Belgium to frost damage due to early flowering. So, when adapting
pome fruit tree phenology by breeding or gene editing, it is recommended to obtain
an accurate view of the specific challenges present in the crop and region of interest.

3.5.3 Biennial Bearing

Biennial bearing (BB) occurs when a fruit tree has an alternating pattern of low and
high fruit production over consecutive years. This is caused by the inhibition of flower
induction (FI) in the meristems by growing fruits, since FI occurs simultaneously with
fruit development during 4-8 weeks after full bloom [234]. In pome fruit trees, each
individual spur is biannual and can only fruit every other year, commonly named
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‘ON’ and ‘OFF’ years. During ‘ON’ years there is abundant flowering and potentially
a heavy fruit set, followed by an ‘OFF’-year with mostly vegetative growth and thus
less potential for fruit set. Ideally, a fruit tree will have a balanced proportion of ‘OFF’
spurs and ‘ON’ spurs each year, resulting in a predictable and constant fruit produc-
tion. If a certain event triggers low fruit set or causes early loss of fruitlets, all spurs
on a tree will be synchronized to an ‘OFF’ status and, consequently, an ‘ON’ status
next year. This starts a cycle of BB which causes variability in yield and fruit size over
the years and is therefore undesired by the grower. A frequently applied measure to
avoid the continuation of the BB cycle is early crop thinning in ‘ON’ years by remov-
ing flowers or young fruitlets. This can be done chemically by using compounds that
damage flower organs and so inhibit fruit set or by mechanically removing the young
fruitlets [235, 236]. During ‘OFF’ years gibberellic acids such as GA; can be applied
to the trees after bloom to repress excess FI [237]. In addition to crop thinning, opti-
mal pruning of the fruit trees will maintain young spurs which are less susceptible to
BB than older spurs [235]. But despite these precautions and good management, there
are still differences in susceptibility of different pome fruit cultivars to BB, especially
in apple. This implies that there is a genetic basis determining susceptibility or resis-
tance to BB in certain cultivars [238].

BB was long thought to be the result of hormonal signaling from the developing
fruits to nearby developing buds. In 1998, diffusible auxins were shown to be present
in the seeds of developing fruits during the period of FI, and the levels of these auxins
in fruits increased with an increased number of seeds [239]. A recent study compared
the apple cultivars “Gala” (a regular bearer) and “Fuji” (a biennial bearer) and found
that “Fuji” had a higher average seed number per fruit compared to “Gala” [240].
The “Fuji” fruits did not only have a higher number of seeds per fruit, each seed also
had higher levels of cytokinins and auxins than seeds from “Gala” fruits. On the
contrary, “Gala” seeds had increased levels of GA; and GAy compared to “Fuji”.
These plant hormones were also found to be exported by diffusion through the stem
of the apple fruit in both cultivars. These differences in hormone production in seeds
could explain the susceptibility of “Fuji” to BB, since some GAs repress FI in apple
trees trough currently unknown mechanisms [241]. Several QTL’s were identified
for biennial bearing in apple, some included flowering genes like BFTa, SOCI-like
and COLI, others included hormonal factors such as genes involved in GA biosyn-
thesis GIBBERELLIN 2-OXIDASE (GA2o0x), GIBBERELLIN 20-OXIDASE (GA200x)
and GA3ox-like-b and auxin related genes such as AFB6 [242].

A study in “Gala” apple trees identified many differentially expressed genes
(DEGS) between ‘ON’ and ‘OFF’ buds in trees by artificially inducing biennial
bearing through manual flower removal during bloom. The authors found many
DEGs among the flowering genes, including flowering repressor genes such as
TEMPRANILLOI (TEM1) and MAF2 (MADS AFFECTING FLOWERING 2). Also
flowering promoting transcription factors, SQUAMOSA PROMOTER BINDING-
LIKE 5 (SPL5) and SPL9 and FLORAL TRANSITION AT MERISTEM (FTM1) were
upregulated in ‘OFF’ trees, simultaneously with APELLATAI (API) genes.
Additionally, secondary metabolism genes were downregulated in the shoot apical
meristem (SAM) of ‘ON’ trees, possibly due to the developing fruits causing
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carbohydrate depletion in the SAM. This downregulation of secondary metabolism
genes is an indication of reduced cell division in the apical tissues and is supported
by the observed up-regulation of KNOTTED-LIKE FROM ARABIDOPSIS
THALIANA (KNATI) and NO APICAL MERISTEM (NAM) genes during ‘ON’
years. KNATI and NAM are both genes which prevent meristematic tissue differen-
tiation and thus maintain the SAM, preventing FI and differentiation of floral tissues
under low-carbon conditions. Also axillary meristem (AM) regulating genes were
upregulated in ‘ON’ buds, such as MORE AXILLARY BRANCHES 1 (MAXI) and
BRANCHEDI (BRCI), inhibiting AM formation and axillary bud outgrowth,
respectively [243, 244]. This reduction in AM formation and axillary bud outgrowth
results in reduced vegetative growth during ‘ON’ years with heavy fruit bearing.
The study also found DEGs related to auxin, abscisic acid, brassinosteroid and eth-
ylene. The Gibberellic Acid (GA) biosynthesis genes GA2ox and GA20ox were
shown to be upregulated in ‘ON’ years, confirming the previously mentioned stud-
ies that showed these genes as QTLs for BB [242, 244]. This is not surprising, since
GA treatments during ‘OFF’ years are used in horticulture to inhibit FI [245].

Also epigenetic modifications are involved in regulation of BB, as it was shown
that differentially methylated regions (DMRs) are present between ‘ON’ and ‘OFF’
trees in buds of the apple cultivar “Fuji” [246]. Many flowering genes showed to be
differentially methylated such as MADS-box, COL, B-box, NFY and SPL. Also
genes involved in hormonal signaling such as gibberellin, auxin and jasmonic acid
showed to be DMRs, again highlighting the importance of hormonal regulation of
FIin BB in apple.

Differences in gene expression in developing buds during ‘ON’ and ‘OFF’ years
are very valuable in understanding FI and the genes involved, but it does not provide
evidence to identify the genetic factors responsible for susceptibility of a cultivar to
BB. Since the exact molecular mechanisms of BB are not yet well characterized, it
is difficult to put forward a good candidate gene for CRISPR gene editing. Since all
genes that were identified so far in BB are involved in crucial plant functions as
flowering and hormonal signaling, the generation of knock-out (KO) mutants may
not be a suitable approach due to the possible occurrence of undesirable side effects
in tree phenology and/or flower morphology [247]. A better understanding of the
genetic control of BB is needed to apply innovative gene editing techniques such as
CRISPR base editing. Since there are observations that GA and auxin production in
the seeds play a role in BB, CRISPR transcriptional activation could be used to
mimic expression patterns of hormone biosynthesis genes of resistant cultivars in
susceptible cultivars.

4 Concluding Remarks

Apple and pear are among the most cultivated temperate fruit crops, but the threats
to their production remain significant. Many of the currently grown cultivars still
suffer from high susceptibility to pests, diseases and abiotic stress, low fruit quality,
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biennial bearing, suboptimal yields and other problems. Effective breeding strate-
gies are necessary to tackle these problems. However, current breeding approaches
are too time-consuming and expensive to profitably develop improved cultivars and
to meet the rapidly evolving breeding requirements, especially in light of impending
climate change. In addition, apple and pear production are traditionally dominated
by just a handful of cultivars with a high market recognition, such as “Gala”,
“Golden Delicious” and “Fuji” for apple, and “Conference”, “Bartlett” and
“Doyenné du Comice” for pear. It has proven difficult to introduce new cultivars in
the market, therefore, enhancing important traits in established cultivars is a very
effective strategy, albeit extremely difficult using conventional breeding techniques.
There is therefore a great need for faster and more accurate breeding approaches.
The recent advancement of gene-editing techniques such as CRISPR/Cas related
technologies can help address these issues. Although successful gene-editing appli-
cations in pome fruit are still limited compared to many model crops, several proof-
of-concept studies in apple, pear and some other perennial tree species have shown
that gene-editing is feasible in pome fruits and that there are numerous potential
breeding applications. This chapter discussed the current state-of-the-art, challenges
and opportunities regarding gene-editing in pome fruit, as well as potential gene-
targets for new applications in light of important breeding objectives. Several tech-
nical challenges remain to be solved in order to successfully apply gene-editing in
pome fruit breeding including the high recalcitrant nature of pome fruit plantlets to
in vitro propagation and regeneration, the low transformation efficiencies, and the
complex removal of transgenes by crossing due to the long life cycle and high het-
erozygosity of pome fruit tree species. Improvements to the original gene-editing
approaches that are tailored to the specific problems in pome fruit and other peren-
nial tree species will help improve the application potential in pome fruit breeding.
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